Encapsulations of cells in type-I collagen matrices are widely used three-dimensional (3D) in vitro models of wound healing and tissue morphogenesis and are common constructs for drug delivery and for in vivo implantation. As cells remodel the exogenous collagen scaffold, they also assemble a dense fibronectin (Fn) matrix that aids in tissue compaction; however, the spatio-temporal (re)organization of Fn and collagen in this setting has yet to be quantitatively investigated. Here, we utilized microfabricated tissue gauges (mTUGs) to guide the contraction of microscale encapsulations of fibroblasts within collagen gels. We combined this system with a Foerster Radius Energy Transfer (FRET) labeled biosensor of Fn conformation to probe the organization, conformation and remodeling of both the exogenous collagen and the cell-assembled Fn matrices. We show that within hours, compact Fn from culture media adsorbed to the collagen scaffold. Over the course of tissue remodeling, this Fn-coated collagen scaffold was compacted into a thin, sparsely populated core around which cells assembled a dense fibrillar Fn shell that was rich in both cell and plasma derived Fn. This resulted in two separate Fn populations with different conformations (compact/adsorbed and extended/fibrillar) in microtissues. Cell contractility and microtissue geometry cooperated to remodel these two populations, resulting in spatial gradients in Fn conformation. Together, these results highlight an important spatio-temporal interplay between two prominent extracellular matrix (ECM) molecules (Fn and collagen) and cellular traction forces, and will have implications for future studies of the force-mediated remodeling events that occur within collagen scaffolds either in 3D in vitro models or within surgical implants in vivo.
Introduction
Three-dimensional (3D) encapsulations of cells in type-I collagen have served as in vitro models of tissue morphogenesis and wound healing for nearly thirty years 1 and more recently as a strategy for drug delivery, and for in vivo implantation. 2 Cells within these matrices exert contractile forces on the surrounding matrix fibers, resulting in a dramatic reorganization of the extracellular environment and the self-assembly of a coherent tissue-like structure. Concurrent with the modification of the exogenous collagen scaffold, cells also assemble a dense meshwork of additional extracellular matrices (ECMs) including fibronectin (Fn) 3 and tenascins 4 as well as other proteins. 5 During morphogenetic events in vivo, a Fn matrix serves as a provisional template that directs the assembly of more permanent collagen fibers. 6, 7 However, it is not clear to what extent the inverse is true,
Insight, innovation, integration
The remodeling of an extracellular matrix (ECM) is essential for development, wound healing and tissue homeostasis. Despite the central role of the ECM in these processes, it is not known how cell generated forces, tissue geometry and soluble enzymes coordinate to spatially pattern the ECM within tissues. Here, we combine microfabricated arrays of collagen based microtissues with a Foerster Radius Energy Transfer (FRET) based biosensor of fibronectin conformation to spatially map the relationship between fibronectin conformation/assembly, collagen remodeling and tissue geometry in three dimensions. Our data reveal the presence of two separate populations of Fn (compact/collagen adsorbed and extended/fibrillar) that become spatially patterned during collagen compaction and are differentially remodeled by cells. namely, how or if an exogenous collagen scaffold can direct the formation of a cell-assembled Fn matrix.
Given that the molecular conformation of Fn and indeed the physical assembly of a fibrillar Fn matrix are modulated by the same cell-generated forces that drive the reorganization of the collagen scaffold, [8] [9] [10] [11] it seems likely that modifications to the structure of a provisional Fn matrix would occur concurrently with collagen compaction. On two-dimensional (2D) surfaces, a mechanically extended conformation of Fn has been shown to impact matrix assembly 12 and the binding of proteins and bacterial adhesins. 13, 14 Understanding to what extent Fn is sensitive to mechanical forces when it is assembled within a composite 3D tissue in which other load bearing ECM proteins are present will be critical for translating insight from 2D studies into the more complex remodeling events that occur in 3D and in vivo.
A key limitation to these types of investigations has been that bulk encapsulations of cells in collagen matrices are typically millimeters to centimeters in scale. 1, 2 The optics of such large structures and the massive movements occurring from gel compaction preclude the application of traditional highresolution fluorescence microscopy. Furthermore, cells within such gels will experience heterogeneous mechanical and soluble conditions throughout the depth of the construct. In situ observation of Fn conformation has recently become feasible by utilizing a Foerster Radius Energy Transfer (FRET) labeled biosensor of Fn conformation, 10, 15 but previous applications of this tool have been limited to 2D cultures or very thin (o20 microns) cell derived matrices. 12 To address the optical limitations of centimeter-scale constructs, we have recently established microelectro-mechanical (MEMS) based microfabricated tissue gauges (mTUGs) in which one can observe compaction of nanoliter-scale 3D microtissues consisting of hundreds of cells encapsulated in type-I collagen gels. 16, 17 Here, we combine mTUGs with a FRET biosensor of Fn conformation to probe the organization, conformation and remodeling of both the exogenous collagen scaffold and the cellassembled Fn matrices during force-mediated tissue condensation. By incorporating this biosensor at different stages of tissue remodeling, and under different tissue geometries, we observe the presence and spatial localization of two separate Fn populations with different conformations (compact/collagen-adsorbed and extended/fibrillar) that may have different downstream signaling properties. 10, [12] [13] [14] By tethering microtissues to flexible cantilevers, we report the forces generated during collagen remodeling and confirm that increases in tissue stress are accompanied by the assembly of a progressively unfolded fibrillar Fn matrix. Together, these results highlight how Fn is organized during collagen compaction and will have important implications for future studies of the remodeling events that occur within collagen scaffolds either in 3D in vitro models or within surgical implants in vivo.
Results

Utilization of micropatterned tissue gauges to generate collagen based microtissues
In order to micropattern encapsulations of cells in collagen matrices, we used SU-8 photolithography to generate arrays of wells (400 mm Â 400 mm Â 110 mm deep) on a silicon wafer (Fig. 1) . Within each well, we incorporated raised cantilevers that served to constrain the final tissue geometry. After replicating the rigid photoresist structures with a polydimethylsiloxane (PDMS) elastomer, we immersed the mold within a prepolymer solution of NIH 3T3 cells and type-I collagen. The entire assembly was centrifuged to drive the cells into the templates before removing excess solution and polymerizing the matrix. Within hours, the encapsulated cells began to remodel the adjacent matrix fibers. The collective matrix remodeling by all cells within the construct condensed the tissue into a coherent band that became anchored to the cantilevers. Within this system, we also observed that as cells remodel the collagen gel, they simultaneously assembled a dense Fn matrix. It has previously been shown that the assembly of Fn fibers is regulated by cell traction forces both in vitro 9, 11 and in vivo 8 and can be modulated by the amount of mechanical stress within microtissues; 17 however, the spatiotemporal relationship between the Fn matrix and the collagen scaffold during compaction has not been studied in detail. As the chemical and mechanical microenvironment within which Fn is assembled can impact its conformation 18, 19 and therefore the accessibility of cryptic binding sites, we sought to precisely map the spatial distributions of Fn and collagen within the microtissue system. Cells condense the collagen matrix into a densely aligned core around which they form a highly cellularized shell containing fibrillar fibronectin Within 24 hours, cells contract the collagen scaffold into a coherent tissue that was tethered around the cantilevers. Over 72 hours, the collagen scaffold was compacted into a dense core from which the cells had mostly receded into a highly cellularized peripheral shell (Fig. 2, Fig. S1 and Movies S1-S5, ESIw). The use of primary antibodies specific for rat-tail collagen ensured that we only examined the localization of the original collagen scaffold and not collagen assembled de novo by the constituent cells. DAPI staining was uniform throughout the horizontal plane of the tissue; however, 3D density mapping of tissue cross sections confirmed the presence of a cellularized shell about a sparsely populated collagen scaffold with the highest cell density on the top surface. Within hours of encapsulation, plasma Fn from the culture media adsorbed to the collagen scaffold and the distributions of the two matrices were nearly identical after 24 hours (Fig. 2a and Fig. S1a , ESIw); however, over the next several days, the matrices formed distinct patterns (Fig. 2b, c and Fig. S1b , c, ESIw). The collagen was compacted and aligned within the interior of the tissue, with highest densities at the perimeter of this core. Fn in contrast was assembled in concentric shells around the collagen core and Fn fiber density was up-regulated and aligned in regions of the tissue that have previously been suggested to be under high mechanical tension (Fig. S2, ESIw) . 17 Acute (2 hour incubation just prior to fixation) treatment with blebbistatin did not dramatically alter the distributions of plasma Fn, collagen or DAPI, but did cause a relaxation of the tissue as observed by a decrease in the radius of tissue curvature between the boundaries (Fig. 2d and Fig. S1d, ESIw) .
Interestingly, although the amount of fibrillar Fn in the microtissues increased over time, the intensity of the plasma Fn fluorescent signal decreased, possibly due to a combination of a gradual dilution with endogenous cell-secreted Fn molecules in fibrils and protease mediated degradation of plasma Fn. To more rigorously test this hypothesis, we performed dual labeling of both fluorescently labeled plasma Fn, and anti-EDA Fn (a splice isoform specific to cell-derived Fn). After 72 hours, both cellular and plasma Fn were largely colocalized in the peripheral fibrillar matrix; however, only plasma Fn was localized to the collagen scaffold ( Fig. S3 and Movies S4, S5, ESIw). These data indicate that the collagen-adsorbed Fn is predominantly from plasma whereas the fibrillar matrix assembled at later time points consists of both cell-derived and plasma Fn.
Plasma fibronectin is progressively assembled into more mechanically extended fibers during the remodeling of a collagen scaffold
As the outside-in cell signaling mediated by Fn is not only dependent on its presence or absence, but also on its physical and conformational presentation, 20 we next sought to determine whether the changes in Fn distribution that occur during tissue remodeling also correlate with changes in the conformation of the Fn molecules presented to cells. We incubated 4-post microtissues with a FRET based biosensor of Fn conformation (FibronectinDonor/Acceptor labeled, Fn-DA) and fixed after 24, 48 or 72 hours of remodeling. By acquiring confocal sections, the FRET signal can be used to map 3D Fn conformation within the tissue. It should be noted, however, that these data only represent the conformation of the exogenous plasma Fn molecules, and not the contribution from the endogenous cell-derived Fn. Further, the Fn-DA probe reports the average distance between donor and acceptor fluorophores on the Fn molecule and can thus be used to report conformational changes; however, because the acceptors are labeled on the FnIII 7 and FnIII 15 modules, we are only probing structural changes within B12 nm of these regions (yellow circle in Fig. 3a) . Finally, only a small fraction (10%) of the exogenous plasma Fn molecules are labeled with fluorophores to avoid the possibility of intermolecular FRET, 10 thus assuring that the FRET signal within fibrils reports the molecular conformation, and will not be affected by changes in the concentration of plasma Fn in fibrils (e.g. as it gradually becomes diluted with endogenous cell-derived Fn).
We report the FRET ratio as the acceptor intensity (I a ) divided by the donor intensity (I d ) after correction for spectral bleed-through and acceptor cross-talk as detailed in Methods. In order to correlate the FRET ratio seen in microtissues to structural changes in the Fn molecule, we calibrated the FRET ratio to soluble Fn-DA in known concentrations of the denaturant guanidine hydrochloride (GdnHCl) (Fig. 3b and c) . Previous work has demonstrated that the transition from compact Fn to an extended molecule correlates with the drop of the FRET signal seen for Fn-DA in solution between 0 M and 1 M GdnHCl. Moreover, Fn in solution begins to lose its secondary structure at concentrations of denaturant GdnHCl approaching 1 M (I a /I d = 0.40), with complete denaturation at 4 M GdnHCl (I a /I d = 0.29). 10 We found that after 24 hours, the Fn-DA within microtissues existed predominantly in a compact conformation, but that there was a significant drop in the median FRET ratio of Fn-DA as the tissue remodeled from 0.62 to 0.57 and 0.51, after 24, 48 and 72 hours, respectively (Fig. 4a, b and Table S1 , ESIw). Acute treatment with blebbistatin after 72 hours revealed that approximately 40 percent of the decrease in FRET was due to active cellular contractility whereas the remaining 60 percent was unaffected. By simultaneously imaging the FRET signal and the immunofluorescence staining of the collagen scaffold, we separated the Fn-DA population within microtissues into collagen-colocalized Fn-DA and non-collagen-colocalized Fn-DA to determine if these two populations might respond differently. At each time point, we found that collagen-colocalized Fn-DA was more compact than non-collagen-colocalized Fn-DA, and that both populations appeared to be progressively unfolded over time ( Fig. 4c and d) to within our measurement resolution (0.621 Â 0.621 Â 2.0 mm). Interestingly, there was a gradual shift from predominantly collagen-colocalized Fn-DA (83% colocalized vs. 17% non-colocalized after 24 hours) to nearly equal amounts of colocalized and non-colocalized Fn-DA after 72 hours (48% colocalized vs. 52% non-colocalized) (Fig. 4e ). These two factors combined result in an increase in the amount of total Fn-DA presented to cells that has a loss in secondary structure (as based on the GdnHCL data) from 1%, 3% to 13% after 24, 48 and 72 hours, respectively (Fig. 4f) .
Cellular contractility and microtissue geometry direct 3D gradients in fibronectin conformation
Average FRET values within a microtissue only represent a limited view of the story. In contrast to soluble factors which are capable of diffusing throughout the tissue, conformational changes in the structure of Fn will only signal to cells if they are capable of physically interacting with the molecule (i.e. cells within tens of microns of a given binding site). We thus sought to determine whether the gradients in Fn concentration we observed previously also correlated with gradients in the conformation of the Fn-DA molecules by taking average density maps of the FRET signal within the microtissues. We found that after 24 hours, Fn-DA appeared to primarily be adsorbed to the collagen gel with no clear conformational gradients present in the tissue. However over the course of remodeling, Fn-DA became progressively fibrillar and increasingly strained with clear gradients emerging in both the horizontal and vertical tissue planes ( Fig. 4g and Movies S1-S3, ESIw). The highest FRET ratios (compact Fn-DA) occurred at the core of the constructs, in regions where dense collagen staining was also observed. In contrast, the lowest FRET ratios (mechanically stretched Fn-DA) occurred predominantly near the surface of the microtissue, in regions that were spatially separated from the collagen scaffold. Acute treatment with blebbistatin did not shift the spatial FRET distributions, but rather increased the FRET signal within both the core and periphery of the microtissue.
Within this geometry, we observed gradients in Fn-DA conformation that appeared to be correlated with regions of the tissue that would be subjected to high mechanical tension. Moreover, previous studies have shown that the presence of Fn can dramatically increase the ability of cells to compact a collagen scaffold. 21 We therefore wanted to measure whether increases in tissue stress occurred concurrently with the assembly of a fibrillar Fn matrix. However, as the cantilevers in the 4-post configuration are rigid, we could not directly measure the tissue stress. To address this, we next cultured microtissues within PDMS molds that contained 2 flexible cantilevers (400 mm Â 800 mm Â 150 mm deep) ( Fig. 5a and Movies S6, S7, ESIw). We utilized multilayer SU-8 photolithography to generate wide caps at the tips of the flexible cantilevers 17 that serve to anchor the tissue even when the cantilever becomes highly deflected. By displacing the cantilever tip with a MEMS strain sensor, we determined the cantilever spring constant to be 148 AE 35 nN mm À1 which was linear over the range of displacements tested ( Fig. 5b and c ). This spring constant was then used to relate cantilever bending to microtissue force.
Increases in microtissue stress occur concurrently with the peripheral assembly of a progressively unfolded fibrillar fibronectin matrix
In microtissues tethered to two flexible cantilevers, we found that tissue tension increased during the first 24 hours and then leveled off at approximately 5.5 mN before a moderate increase in force between 48 and 72 hours to 6.7 mN (Fig. 5d and Table  S2 , ESIw). The cross-sectional area of the elongated microtissues decreased dramatically between 24 and 48 hours, but then increased between 48 and 72 hours due to increased cell proliferation at the periphery of the tissue (Fig. 5e and Table S2 , ESIw). As a result, median cross-sectional tissue stress increased progressively from 740 to 970 to 1090 Pa after 24, 48 and 72 hours, respectively ( Fig. 5f and Table S2, ESIw). Concurrent with these increases in stress, we found that the median FRET ratios of Fn-DA within these tissues decreased from 0.66 to 0.61 to 0.53 at each of these time points (Fig. 5g,  Fig. S4 and Table S2 , ESIw). Similar to the 4 post configuration, a portion of the Fn remodeling was actively mediated by cell contractile forces. Acute (2 hour incubation just prior to fixation) blebbistatin treatment after 72 hours of remodeling led to a dramatic decrease in tissue stress to 620 Pa, but only a partial restoration of FRET signals at approximately 0.56. Thus the increased tissue stress that occurs during the remodeling of a collagen scaffold correlates with a progressively stretched and unfolded Fn matrix assembled at the periphery. However, we did not observe a relationship between tissue stress and Fn-DA FRET within each time point despite nearly a 2-fold variation in stress between tissues, thus it seems unlikely that these two parameters are directly related (i.e. that tissue stress is transmitted directly to Fn fiber strains or vice versa). In microtissues, it is possible that most of the tissue stress may be transmitted not through the Fn matrix, but instead through the exogenous collagen scaffold or through direct transmission via the actin cytoskeleton and cell-cell junctions.
Fn-DA that is initially adsorbed to the collagen scaffold is not incorporated into the fibrillar fibronectin matrix, nor is it progressively stretched by cells
In the previous section, we demonstrated that both collagencolocalized Fn-DA and non-collagen-colocalized Fn-DA molecules became progressively stretched as the microtissue remodeled. However, because Fn-DA was continually present in the culture medium throughout the experiment, it was not clear whether the decrease in FRET observed for these two populations was due to the gradual stretching of the original Fn-DA molecules, or due to the adsorption/assembly of new Fn-DA molecules in a more unfolded state. To test the relative roles of these processes, we incubated microtissues tethered to 4 posts with pulses of labeled Fn-DA from 0-24 hours, 24-48 hours, or 48-72 hours before fixing. This experiment only labels Fn present in the system during a given window of time. We found that Fn-DA present during the first 24 hours of remodeling existed predominantly in a compact conformation and was not progressively strained by cells (Fig. 6a and Table S3 , ESIw). Microtissues incubated with Fn-DA for the first 24 hours of remodeling displayed the same FRET ratios whether they were fixed after 24 hours, or whether the Fn-DA was replaced with unlabeled Fn and the labeled matrix was allowed to be remodeled for an additional 48 hours. This lack of molecular extension occurred for both collagen-colocalized and non-collagen-colocalized populations ( Fig. 6b and Table S3 , ESIw). In contrast, both collagen-colocalized and non-collagen-colocalized Fn-DA present at the later stages of tissue remodeling (48-72 hours) displayed dramatically lower FRET ratios despite only being remodeled by cells for a period of 24 hours (Fig. 6a, b and Table S3 , ESIw).
We next examined the spatio-temporal organization of both the collagen scaffold and Fn-DA molecules incorporated during View Online given stages of microtissue remodeling. When microtissues were fixed after 24 hours, we found that 80% of the Fn-DA was co-localized with the collagen scaffold (Fig. 4e) . If, instead of fixing the sample after 24 hours, we replaced the Fn-DA with unlabeled Fn and allowed the microtissue to continue remodeling for an additional 48 hours, we found that nearly all labeled Fn-DA was still highly co-localized (85%) with the collagen scaffold (Fig. 6c) . Moreover, the non-collagencolocalized Fn-DA appeared immediately adjacent to the collagen scaffold (Movie S8, ESIw). Thus, even after 72 hours, the Fn-DA molecules incorporated into the construct during the early stages of remodeling exist predominantly in a compact conformation that is either bound to or in very close proximity to the collagen scaffold. This interaction appears to stabilize the Fn molecules such that they are not progressively stretched by cells nor incorporated into fibrils as the tissue remodels. In contrast, Fn-DA present between 48 and 72 hours was predominantly fibrillar, only 15 percent co-localized with collagen ( Fig. 6c) , and the non-collagen-colocalized population was physically separated from the collagen scaffold (Movies S9 and S10, ESIw). Thus the Fn fibrils assembled at these later time points are less stabilized by the collagen scaffold and more highly stretched by cell generated forces. The decrease in FRET observed for the small amount of collagen-colocalized Fn-DA present between 48 and 72 hours is harder to explain, but may be due to the presence of mechanically stretched Fn fibers that we are unable to spatially resolve from the collagen scaffold or due to the adsorption of Fn molecules to the collagen scaffold in a more mechanically unfolded conformation. These results reveal that in contrast to simplified 2D systems, many factors within a dynamic 3D collagen matrix will contribute to the molecular composition of the matrix subsequently assembled by cells.
To assess the incorporation and stability of plasma Fn in microtissues, we also investigated the relative fluorescence intensities of the labeled plasma Fn during these pulse experiments. Interestingly, the integrated intensity of the emission spectra of the Fn-DA (the sum of both the donor and acceptor fluorophores when exciting the donors) was dramatically lower for Fn-DA that was present from 0-24 hours in microtissues that were fixed after 72 hours of remodeling as compared to those that were fixed after 24 hours (Fig. S5 , ESIw) indicating a degradation of the initial Fn-DA during tissue remodeling. Note that these values do not represent Fn conformation (which did not change between these two conditions), but rather the relative amounts of Fn-DA present in the microtissues. We also noticed that Fn-DA present in culture from 48-72 hours (in microtissues fixed after 72 hours) had dramatically lower integrated emission intensity than Fn-DA present from 0-24 hours in microtissues that were fixed after 24 hours (Fig. S5, ESIw) . Because the Fn-DA in these two experiments was present in culture for the same amounts of time, it is unlikely that proteolytic degradation alone could explain the difference in integrated intensity, but rather that the decreased intensity of the 48-72 hours Fn-DA is also due to a dilution with unlabeled endogenous cell-secreted Fn in fibrils as confirmed by the colocalization of both exogenous plasma Fn and endogenous cellular Fn in the pericellular matrix (Fig. S3, ESIw) .
Discussion
ECM assembly often involves the deposition of both provisional matrices such as Fn and more permanent matrices such as the collagens. During normal wound healing and in tissue culture, a type-I collagen matrix is deposited along and highly co-localized with Fn fibers. 6 In collagen based surgical implants and in 3D
in vitro cell culture, cells are frequently placed in the inverse scenario. Namely, cells are encapsulated into an initial collagen scaffold within which they then assemble their own ECM. By combining MEMS based mTUGs with Fn FRET probes, we directly measured the spatial distributions and molecular conformation of Fn within 3D, collagen-based microtissues. We show that soluble and thus compact Fn from media quickly adsorbs to and is stabilized by the collagen scaffold, whereas fibrillar Fn was later assembled by cells predominantly at the tissue periphery. This new fibrillar ECM is a combination of cell-derived and plasma Fn, and becomes spatially segregated from the collagen fibers which are compacted at the tissue core. The net result of this process is that cells are increasingly isolated from the initial Fn coated collagen scaffold and progressively immersed in the new cell-assembled Fn-rich ECM that displays a rather different set of molecular conformations. We found that the FRET signal from our Fn-DA probe progressively decreased as cells remodeled the collagen scaffold reflecting a transition from primarily compact to primarily stretched Fn molecules. The higher FRET signal seen from collagen-colocalized Fn (as compared to non-collagen-colocalized Fn) could be due to mechanical stabilization of the Fn fibers by the collagen scaffold, or due to residual non-fibrillar Fn present in our measurement volume. Importantly, these two distinct Fn populations (compact/adsorbed and extended/fibrillar) may have dramatically different signaling implications given the fact that Fn has multiple cryptic and mechano-regulated binding sites. 20 However, even when the microtissue was tethered to rigid boundaries, the relative loss in secondary structure (indicating exposure of cryptic sites) of Fn-DA assembled within microtissues is significantly less than what has been shown for Fn-DA assembled by cells cultured on rigid glass coverslips. 12 We hypothesize that this discrepancy may be due to the large presence of compact, collagen-adsorbed Fn molecules, the reduced rigidity of the collagen matrix (as compared to glass), or due to a portion of the mechanical load in 3D microtissues being distributed though the exogenous collagen scaffold instead of being transferred directly to Fn fibers. Further, although cell generated forces promote the assembly of nascent Fn fibrils, 11 we found that 60% of the decrease in Fn-DA FRET signal that occurred during microtissue remodeling was not affected by acute treatment with blebbistatin. This signal likely represents the drop in FRET that occurs during the transition from a predominantly compact form of Fn adsorbed to the collagen scaffold to a predominantly fibrillar pericellular matrix. Once incorporated into fibrils, Fn-DA molecules display a lower FRET than those in solution and than those adsorbed to the collagen scaffold. This drop in FRET represents an irreversible transition and will not be affected by treatment with blebbistatin. However, the fibrillar Fn population also becomes progressively stretched by cell generated tractions 22 resulting in further molecular extension and a drop in FRET signal. 10 This traction-induced fiber stretching likely represents the 40% of the FRET signal that was restored upon blebbistatin treatment. In addition to stretching Fn fibers, cell-generated tractions also drive the long-term remodeling of the collagen scaffold. Indeed, this phenomenon has been studied extensively and several quantitative models now describe the relationship between collagen remodeling/alignment, cell tractions, and tissue geometry. 23 Importantly, while the collagen fibers within microtissues do not individually co-localize with fibrillar Fn (as is the case during normal wound healing), they collectively serve as a dynamic biomaterial substrate that governs overall tissue geometry and against which cells pull to assemble fibrillar Fn. For microtissues cultured while pinned to 2 flexible cantilevers, we found that Fn-DA FRET decreased concurrently with increases in tissue stress; however, we did not notice a clear correlation between microtissue stress and Fn molecular strains (measured via Fn-DA FRET) within each time point, indicating that the overall tissue stress and Fn molecular strains might not be directly related in this multi-component microtissue. Indeed, even in highly simplified systems, generating a constitutive relationship to relate tissue stress and matrix strain is complicated by the dynamic and complex mechanics of the collagen matrix. 24 Our studies highlight that although cells are initially encapsulated in a collagen scaffold, they quickly become immersed and ultimately reside within a Fn-rich cell-derived matrix. Understanding how tissue stresses and strains are related at cellular and sub-cellular length scales will thus require knowledge of not only the mechanics of each particular matrix type (e.g. collagen and Fn for this simplified example), but also of the nature and dynamics of how stresses and strains are partitioned between the various ECM components, which are differentially coupled via integrins to the actin cytoskeleton. Although this is a daunting prospect, 2D studies utilizing inert glass slides or polyacrylamide gels have found that (1) Fn matrix fibers are progressively extended and unfolded by cell generated forces; 10, 22 (2) Fn fibers assembled on rigid substrates are more unfolded than those assembled on soft polyacrylamide substrates, 18 and (3) crosslinking of fibrillar Fn matrices increases their rigidity and prevents their unfolding. 12 These properties have recently been utilized for ''material driven ECM assembly'' to engineer the conformation of Fn on polymer scaffolds leading to increased myogenic differentiation of adhered cells. 25 However, collagen gels and many biomaterial implants are not inert substrates, but can actively be remodeled by cells and all of the above processes likely contribute to the conformation of the Fn matrix presented to the cells.
In vivo, the physical conformation of Fn has been shown to regulate morphogenetic movements, 26 and cryptic binding sites exposed in mechanically extended Fn fibrils can regulate cell adhesion and matrix assembly, 10, 12 increase the nonspecific binding of albumin and casein, 14 and destroy N-terminal bacterial binding sites. 13 Here, the gradients in Fn conformation in our microtissue system appeared to serve as an ''extracellular memory'' whereby the mechanical signals experienced by cells are dependent not only on the current stresses, but also on the history of previous ECM remodeling events that are reflected in accumulated molecular strains. In contrast to focal adhesions, which respond quickly and directly to mechanical stress, 27 the molecular conformation of the Fn matrix is modulated by both the instantaneous cell tractions (in the form of fiber stretching) and the history of previous ECM remodeling events that are reflected in the transition from adsorbed/compact to extended/ fibrillar Fn. This long-term remodeling could serve as an ''extracellular memory'' and result in long-term patterns that will continue to signal to cells at a significantly longer time scale than the transient fluctuations in cell traction forces. Given the importance of Fn conformation to a cellular function, understanding how these patterns emerge and are maintained will be critical for dissecting the interplay between long-range morphogenetic movements and local microenvironmental manipulation of cell phenotype. Our studies show that FRET based readouts of molecular conformation combined with mTUGs provide one approach to quantify such relationships, and highlight a means to understand the complex interplay between cells and matrix in highly anisotropic microenvironmental niches.
Materials and methods
Device fabrication and microtissue seeding
Single layer and multilayer templates were created as described previously.
17 SU-8 photoresist (Microchem) was spin coated onto silicon wafers. Multilayer SU-8 masters were created using successive spin coat and exposure steps. To generate substrates for microtissues, SU-8 masters were cast with a prepolymer of PDMS (sylgard 184; Dow-Corning). Before cell seeding, the PDMS templates were sterilized in 70% ethanol followed by UV irradiation for 15 minutes and treated with 0.5% Pluronic F127 (BASF) to reduce cell adhesion. Liquid neutralized collagen I from rat tail (BD biosciences) was then added to the substrates on ice and templates were degassed under vacuum. Additional collagen and cells were then added to the mold and the entire assembly was centrifuged to drive the cells into the micropatterned templates. Excess solution was removed by dewetting the surface of the substrate prior to incubating at 37 1C to induce collagen polymerization. Fn containing media was then added to each substrate. All constructs in this study were prepared using a final concentration of 1.75 mg ml À1 collagen.
Calculation of cantilever spring constant and microtissue force/ stress
Cantilever spring constants were calculated utilizing a capacitive MEMS force sensor mounted on a micromanipulator as described previously. 28 Images of the sensor tip and cantilever head were acquired during each test using an Olympus FV1000 confocal microscope with an air immersion 0.4 NA 10Â objective. To account for local deformation of the PDMS material around the sensor, the spring constant of the MEMS sensor was calibrated against the side of the PDMS well which can be viewed as an elastic half space of the same material modulus as the PDMS cantilevers and was found to be 104 AE 1.9 nN mm À1 . This value was then used for the subsequent measurements of the force required for cantilever bending. For each measurement the sensor tip was placed 20 microns below the top of the post and the probe translated laterally against the outer edge of the cantilever using a custom written Lab View (National Instruments) script. The probe base was displaced approximately 150 microns for each measurement. The displacement of the probe tip (and thus of the cantilever head) was calculated from the spring constant measured above and the reported sensor force and was verified visually during the deformation. 5 cantilevers were measured across a substrate and measurements were repeated for three different substrates. Cantilevers were found to have linear responses up to approximately 40 microns of deformation. As the majority of cantilever deformations observed in this paper were below 40 microns, this section was fit using a linear fit with a spring constant of 148 AE 35 nN mm À1 which was then used for calculation of microtissue forces. Only microtissues that were uniformly anchored to the tips of the cantilevers were included in the analysis. Microtissue stress was calculated by imaging the entire volume of the microtissue within a 30 mm wide strip (measured along the long axis of the tissue) at the tissue midpoint. The cross-sectional area of this region was then measured from the confocal z-stack data using custom written Matlab (The Mathworks) scripts.
Fibronectin isolation, fluorescent labeling and denaturation curves
Fn was isolated from human plasma (Zurcher Blutspendedienst SRK) by affinity chromatography as described previously. before separating Fn-donor/acceptor (Fn-DA) from free dye with a second PD-10 column equilibrated in PBS. Fn-DA was then diluted to 0.3 g l À1 in PBS, aliquoted and stored at À80 1C until needed. A labeling ratio of 4 acceptors and B7 donors per Fn dimer was determined by measuring the absorbances of Fn-DA at 280, 496 and 56 nm and using published extinction coefficients for dyes and Fn. Unlabeled Fn was isolated in a similar manner, dialyzed in PBS for 48 hours (Slide-a-lyzer dialysis cassette, 10 000 MW cutoff, Pierce) and diluted to 1 g l À1 in PBS before aliquoting and storing at À80 1C. Before use, Fn-DA or Fn was thawed on ice for 1 hour to avoid protein precipitation. After thawing, all samples were stored at 4 1C and used within 72 hours. All cell culture experiments utilized unlabeled Fn in 10-fold excess to Fn-DA in order to avoid signal from intermolecular FRET. Denaturation curves were obtained by diluting Fn-DA to a final concentration of 0.1 g l À1 in specified concentration of GdnHCl, and imaging with confocal microscopy under identical parameters to those used for cell culture.
Confocal microscopy
Z-stack images were acquired using an Olympus FV1000 confocal microscope with a water immersion 0.9 NA 40Â objective. Four post microtissue images were acquired at 512 Â 512 pixels per slice with 2 mm slice spacing for voxel dimensions of 0.621 Â 0.621 Â 2.0 mm. The mid-sections of 2 post microtissue images were acquired at 256 Â 256 pixels with 1.5Â zoom factor per slice with 2 mm slice spacing for voxel dimensions of 0.828 Â 0.828 Â 2.0 mm. All images were acquired with 3Â Kalman line averaging. FRET images were acquired using a single photo multiplier tube (PMT) by sequentially acquiring images through a diffraction grating and slit. Donor and acceptor intensities were detected using 20 nm bandwidths centered at 510-530 nm and 560-580 nm, respectively. Serial imaging of the same volume confirmed that no photo bleaching was occurring. To ensure that no artifacts occurred due to the microscope setup, laser power, pixel dwell time and PMT voltage were kept constant between all conditions (all experiments and all time points) for imaging protein and DNA densities and Fn-DA FRET. Images of fluorescent beads within microtissues were acquired on a Zeiss LSM 710 laser scanning confocal microscope with a water immersion 1.1 NA 40Â objective.
FRET calculation and colocalization analysis
FRET ratios are reported as the intensity of the acceptor (I a ) divided by the intensity of the donor (I d ). All images were 12-bit (4096 relative intensity units) and were processed with custom written Matlab (The Mathworks) scripts. First, background values were determined from tissue-free regions of each image and subtracted from the raw images. Then, images of each channel were binary thresholded using a cutoff value of 2Â background (Fn donor and acceptor), 1.75Â background (collagen), and 1.5Â background (DAPI). These settings were determined empirically based on the intensity of each fluorescence signal and then kept constant for all experiments. Prior to calculation of the FRET ratio, donor and acceptor images were smoothed using a 2 Â 2 pixel local averaging filter. Donor bleed through was calculated from images of microtissues labeled with Alexa-488 Fn and was determined to be a linear function of donor intensity with a slope of 0.224 (i.e. approximately 20% of the donor intensity was present in the acceptor channel). Acceptor images were thus scaled appropriately prior to calculation of the FRET ratio. Any saturated pixels, or those below the threshold value were excluded from the FRET analysis. Median values were calculated for each tissue from all pixels above threshold with a single tissue considered as an independent observation. Colocalization analysis was performed on a voxel by voxel basis with Fn considered to be colocalized with collagen if each channel was above the aforementioned threshold values. These imaging conditions, combined with the thin profile of the microtissues, were optimized to avoid any confounding contributions due to aberration from the collagen based microtissues. However, we wanted to further validate that imaging into the depth of the microtissue would not cause spectral artifacts and thus confound our FRET data. To this end, we incorporated 0.5 mm fluorescent beads (Invitrogen) within the microtissues and imaged their intensities as a function of tissue depth. Imaging through the collagen rich microtissues had no appreciable effect on either the integrated brightness nor the peak intensities of beads with emission peaks at either 486 or 605 nm (similar to the FRET probes used in the study) (Fig. S6, ESIw) . Immunofluorescent staining and protein density mapping
Microtissues were cultured for the indicated periods of time before fixation with 4% formaldehyde in PBS for 1 h at 37 1C. Samples were subsequently rinsed for 30 minutes in PBS, before blocking overnight in 10% donkey serum. The exogenous collagen scaffold was labeled using primary antibodies directed against type-I rat collagen (Chondrex) and detected using fluorophore conjugated, isotype-specific, anti-IgG antibodies (Jackson ImmunoResearch). The use of primary antibodies specific for rat-tail collagen ensures that we only examine the localization of the original collagen scaffold and not collagen assembled de novo by the constituent NIH 3T3 cells (which are from mice). Cell nuclei were counter stained with DAPI. Density maps of protein and DAPI labeling were created by averaging the immunofluorescent (or FRET labeled Fn) data from individual microtissues. Cell-derived Fn was imaged utilizing an antibody specific to the EDA splice domain. 29 Plasma Fn density within microtissues was measured by computing the sum of the donor and acceptor fluorophores for Fn-DA excited at the donor wavelength. Masks were generated in Adobe Photoshop labeling the positions of each cantilever and used to align and crop the z-stacks of each microtissue. Optical slices from each tissue (10 tissues total) were then averaged to quantify protein and cell distributions for each condition. Because microtissues displayed small variations in thickness and in the vertical position at which they were tethered to the pillars, protein density maps were normalized by the thickness of each microtissue prior to averaging (i.e. plotted from the uppermost to the lower most surface of the tissue at each x-y position). Volume renderings of microtissues were constructed from confocal image stacks using Fiji. Protein alignment was computed using principal component analysis of the image gradients from the confocal images as described previously. 17, 30 The image gradient vector can be expressed as 
